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MinireviewWon’t You Be My Neighbor?
Local Induction of Arteriogenesis
include intimal endothelial cells, medial smooth muscle
cells, and adventitial fibroblasts, there was little evi-
dence to suggest that the formation of these two seg-
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ments of the vascular tree would be controlled differ-Boston, Massachusetts 02114
ently. A variety of non-genetic mechanisms, including
flow and transmural stretch, have been postulated to
account for the structural differences between the arte-Two recent papers in Cell and Developmental Cell pro-
rial and venous systems. However, it has been recentlyvide evidence that VEGF directs arterial differentiation.
realized that the identities of arterial and venous endo-Evidence that sensory nerves direct arteriogenesis
thelium are defined early in development, before the(Mukouyama et al., 2002) and that the membrane-
commencement of heart function and blood flow. Thespanning Notch signaling system is downstream of
identification of EphrinB2 as an arterial endothelium-VEGF (Lawson et al., 2002) emphasize the paracrine
selective ligand and EphB4 as a venous-restricted re-regulation of vessel formation.
ceptor provided the first indication that arterial and ve-
nous identities are genetically defined. And, since these
are molecules that were first identified in the nervousSince the identification of vascular endothelial growth
system, their localization in the vasculature implied thefactor (VEGF) a decade ago, its central role in develop-
possibility of cross talk during neuronal and vascularmental and pathologic vessel growth has been defini-
development (Gerety et al., 1999).tively elucidated (reviewed in Ferrara, 2000). The earliest
The Link between Ssh, VEGF, and Notch in Aorticstudies describing the hypoxic regulation of VEGF de-
Differentiation: Neuronal-Vascular Cross Talkfined it as an ideal angiogenic stimulator in instances
In two recent publications in Cell and Developmentalof ischemia-driven neovascularization, such as diabetic
Cell, Mukouyama et al. (2002) and Lawson et al. (2002)retinopathy and tumor angiogenesis. Gene disruption
provide new insights into the molecular mechanisms ofstudies revealed not only an absolute requirement for
arterial differentiation. Employing two different modelVEGF in vessel development, but also embryonic lethal-
systems, embryonic mouse skin and the Zebrafish, bothity associated with haploinsufficiency, suggesting a
groups come to the similar conclusion that VEGF in-stringent dose-dependency.
duces arteriogenesis.The description of vasculogenesis as “the coales-
Using the power of genetics along with ectopic genecence of angioblasts to form a primitive capillary net-
expression to study development of the aorta in thework” understates the complexity of the signaling sys-
Zebrafish, Lawson and coworkers place VEGF down-tems involved in the formation of the vascular system.
stream of Shh and upstream of the Notch pathway inIdentification of a wide range of molecules whose tar-
determining the arterial fate of the dorsal aorta (Figuregeted disruption results in defective vascular develop-
1). Earlier observations, including decreased pulmonaryment has begun to expose the extent of this complexity.
vascularization in Shh-deficient mice (Pepicelli et al.,Mice deficient in flk-1/KDR, flt-1, PDGF-B, PDGFR,
1998), hypervascularization in developing spinal cordTGF1, TGFRII, endoglin, sonic hedgehog (Shh), Notch,
engineered to overexpress Shh (Rowitch et al., 1999),tissue factor, neuropilin-1 (NP-1) and -2, ephrinB2, EphB4,
and extensive vascular defects in the Zebrafish Shhtie-1, tie-2, hypoxia-inducible factor, and angiopoietin-1
mutants (Brown et al., 2000), had suggested a role forand -2, to name a few, exhibit defective vascular devel-
Shh in vascular development. More recently, Shh has
opment. The role that each of these plays in vessel
been reported to induce the expression of VEGF as well
formation, and whether their influence is direct or indi-
as the angiopoietins in interstitial mesenchymal cells,
rect, is not fully understood. while exhibiting no direct effect on endothelial prolifera-
Arteriogenesis tion or migration (Pola et al., 2001). In the current report,
Historically, arteries and veins have been distinguished Lawson et al. use Zebrafish mutants defective in the
from one another on the basis of their architecture and Shh signaling pathway and a pharmacological approach
their physiologic function. The vessels of the arterial to block Shh signaling to demonstrate a direct role of
system carry blood away from the heart; larger arteries Shh in the induction of VEGF expression during vascular
are differentiated by their elastic properties, whereas development. They show that ectopic expression of
medium and smaller arteries have muscular characteris- VEGF can rescue aortic differentiation in the Shh mu-
tics. While the elasticity of the large arteries distributes tants, and that VEGF is sufficient to induce arterial mark-
the force of cardiac contraction, the muscularity of the ers expression in the aorta, independent of Shh sig-
medium-sized vessels confers the vascular tone and naling.
resistance that distinguishes the arterial tree. Veins, on On the other end of the proposed cascade, down-
the other hand, which transport blood away from capil- stream from VEGF, is the Notch signaling pathway. Ze-
laries and back toward the heart, have walls that are brafish mutants for gridlock, a target gene of the Notch,
thinner, more compliant, and less elastic than arteries. have been reported to display defects in aorta formation
In light of their common cellular constituents, which (Zhong et al., 2001). Disruption of either the Notch recep-
tors or the ligands lead to embryonic lethal vascular
defects (reviewed in Gridley, 2001). Similarly, overex-1Correspondence: pdamore@vision.eri.harvard.edu
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known to be critical for normal neuronal development,
including dorsal-ventral patterning of neural tube and
CNS, differentiation of neuron, axon guidance, and
nerve patterning. Thus, demonstration of critical roles
for Shh and Notch in vascular development adds further
evidence to support the long-speculated relationship be-
tween neuronal development and vascular development.
It should be noted that the current report offers only
a functional connection between Shh, VEGF, and Notch
in determining arterial fate. Only by elucidating the mo-
lecular mechanisms of Shh-mediated induction of VEGF
expression (which may be through activation of the Gli
family of transcription factors) can the direct role of
Shh in vascular development be established. Similarly,
identification of the molecular mechanisms whereby
VEGF mediates activation of Notch signaling will be re-
quired to establish a direct link here. Finally, it is by no
means clear how the Notch signaling pathway controls
arterial marker gene expression in the endothelium. Elu-
cidation of these different molecular pathways will cer-
tainly present numerous challenges to neural and vascu-
lar biologists alike for years to come.
Nerve-Mediated Vessel Patterning in Small
Arterioles: Local VEGF in Arteriogenesis
The recent report by Mukouyama and coworkers (2002)
also highlights the role of neuronal and vascular cross
talk in arteriogenesis (Figure 2). They reported that pe-
ripheral sensory nerves provide a template for branching
Figure 1. Shh/VEGF/Notch in the Arterial Vasculature and arteriogenesis of small arterioles in the embryonic
Sonic hedgehog (Shh) binding to the receptor complex formed by mouse skin. The authors further demonstrated that
Patched (Ptc) and Smoothened (Smo) can release the inhibition of VEGF secreted by the neurons and/or Schwann cells is
Smo by Ptc. The derepressed Smo in turn activates the Gli family required for this nerve-mediated vessel patterning and
of transcription factors. Shh can upregulate the expression of VEGF arteriogenesis of smaller diameter arteries. It has long
by mesenchymal cells, but whether the Ptc/Smo/Gli pathway is
been known from histological studies that nerves ofteninvolved in this Shh-mediated VEGF production is still unclear. VEGF
track along larger blood vessels, an association whichacts on its specific receptors, including Flk-1 and neuropilin-1 (NP-1)
was suspected to reflect the metabolic needs of theand induces arterial-specific EphrinB2 expression on endothelial
cells (EC). However, VEGF-induced EphrinB2 expression is depen- nerves and the neural control of vascular tone. However,
dent on the Notch signaling pathway, and it is unclear (?) if VEGF it has been unclear if the patterning of smaller vessels
can activate the Notch pathway in arterial ECs directly. Both the and nerves in the peripheral tissue is ontogenetically
Notch receptor family and their ligand (Delta and Jagged) families
related. To address this question, Mukouyama et al.,are expressed by the EC and smooth muscle cell (SMC)/pericyte in
using mutant mouse lines that have either disorganizedvivo.
or no peripheral nerves, demonstrated that small diame-
ter arterioles, but not venules, preferentially aligned with
pression of an activated form of Notch 4 (int-3) under sensory nerves in the embryonic skin. Furthermore, they
the regulation of the Flk-1 locus resulted in embryonic showed that expression of arterial markers, such as
lethality at E10 due to defective yolk sac and embryonic ephrinB2, neuropilin-1, and connexin40 is dependent
vasculature. In addition, genetic mapping of the degen- on the local secretion of VEGF by the neurons and/or
erative vascular disease CADASIL (cerebral autosomal Schwann cells. In vitro coculture of embryonic endothe-
dominant arteriopathy with subcortical infarcts and leu- lial cells with neurons or Schwann cells also led to the
koencephalopathy) has identified the important roles of induction of the arterial marker ephrinB2 by the endothe-
Notch signaling in normal vascular development (re- lial cells. The use of ephrinB2 as a definitive arterial
viewed in Gridley, 2001). Thus, earlier observations im- marker must be taken into consideration. In light of the
plicating the Notch pathway in vascular development fact that targeted disruption of these genes in mice
and the studies of Lawson et al. with Zebrafish mutant suggests that arterial and venous cell fate determination
in the Notch pathway have placed VEGF functionally is independent of EphrinB2 and EphB4 expression, it
upstream of Notch, which is, in turn, required for induc- will be important to examine the roles of VEGF and Notch
tion of arterial marker expression. Since many Notch in arteriogenesis by more conventional histological
receptors and ligands have already been identified, it will analyses.
be interesting to determine if VEGF-dependent arterial The observations of Mukouyama and colleagues sug-
differentiation of the aorta is mediated by the upregula- gest that arteriogenesis and patterning of small diameter
tion of the Notch receptors or by the induction of any arteries require a local inductive signal provided by
Notch ligands in the endothelium (Figure 1). VEGF. VEGF is produced by alternative splicing as multi-
The Shh (Marti and Bovolenta, 2002) and Notch (Lind- ple biochemically distinct isoforms that display different
extracellular localization patterns. Interestingly, the factsell et al., 1996) signaling pathways have also been
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Figure 2. Local Regulation of Vessel As-
sembly
(Left) Peripheral nerve produces the freely dif-
fusible VEGF120, which may then induce ar-
terial differentiation and direct the patterning
of the arteriole nearby. Such peripheral nerve-
directed arteriole differentiation results in a
loose alignment of the nerve and artery, likely
a consequence of the nonlocalized nature of
the VEGF120 isoform. It is unclear whether
the Schwann cell or the axon, or both are
responsible for VEGF production in vivo. Also,
the inductive signal for VEGF production by
the nerve in vivo has not been identified (?).
(Right) On the other hand, the association be-
tween the pulmonary microcirculation and al-
veolar epithelium is extremely tight, possibly
due to the production of the highly localized
VEGF188 isoform by the pulmonary epithe-
lium. Such tight association between the epi-
thelium and the vessels is required for the
normal function of the air-blood barrier of the
alveolus.
that Schwann cells in vivo make only VEGF120, the freely signaling pathway has been implicated in the develop-
ment of both the vascular and the neuronal systems,diffusible VEGF isoform, may be a reflection of the loose
physical association described between arterioles and it is possible that VEGF is also involved in neuronal
development/patterning (reviewed in Neufeld et al., 2002peripheral nerves in the skin. The larger VEGF isoforms,
VEGF164 and VEGF188, associate with cell surface and and Shima and Mailhos, 2000). In agreement with this
possibility, it has been reported that cells of the neuronalmatrix heparan sulfate and bind to neuropilin-1 and -2.
It will be interesting to determine if the expression of lineage and Schwann cells express VEGF receptor 2
(Flk-1/KDR) and that VEGF has neurotrophic and mito-these isoforms correlates with tighter association be-
tween arteries and the VEGF-expressing tissues in other genic activities toward these cell types. Furthermore,
Flk-1 expression has been detected in neurons of theorgan systems.
Although VEGF is a likely candidate as an inductive retina, ischemic brain, and spinal cord, providing cir-
cumstantial evidence for a potential role of VEGF insignal for arteriogenesis, the fact that venous endothe-
lium may also be exposed to similar levels of VEGF neuronal development. The identification of neuropilin-1
as a VEGF isoform-specific receptor (Soker et al., 1998)signal complicates this simple induction hypothesis. It
is possible that arterial fate is “specified” genetically in also implicates VEGF in neuronal development. If indeed
VEGF can direct the differentiation and patterning ofearly embryonic stages, and that VEGF might be working
as a permissive signal for the already specified arterial nerves (through the Notch pathway), it will be a dramatic
example of how evolution utilizes a single molecule toendothelial cells (Zhong et al., 2001) so that venous
differentiation would be a default pathway for the ab- regulate the development of two functionally distinct,
but architecturally similar systems (Shima and Mailhos,sence of arterial differentiation. Alternatively, since ve-
nous endothelium can respond to VEGF via the same 2000).
Paracrine Regulation of Vessel Assemblyspecific high-affinity receptors that are expressed by
arterial endothelium, it is possible that VEGF receptor May Be Universal
The work of Mukouyama and coworkers (2002) graphi-signaling in venous endothelium is different from that
in the arterial endothelial cells. It will be interesting to cally illustrates the paracrine regulation of vessel devel-
opment. Local signaling, either directed by VEGF ordetermine the downstream signaling of VEGF in venous
EC. Thus, the differential response of the arterial versus VEGF-induced Notch, is clearly involved in arterial differ-
entiation and demonstrates that communication be-venous system to local VEGF signals may be determined
by the ability of the cells to respond to the inductive tween the endothelium and the tissues/microenviron-
ments directs vessel patterning. In the studies ofsignal. In support of this possibility, neuropilin-1, a VEGF
coreceptor for VEGF164 and VEGF188 but not VEGF120, Mukouyama et al. and Lawson et al., the local inductive
signal responsible for controlling arteriogenesis and pat-has been noted to be preferentially expressed by arterial
endothelium (Moyon et al., 2001). In this regard, it is terning for arteries emanates from neuronal tissues.
However, as the authors point out, these examples dointeresting to note that we have recently reported that
animals that express only VEGF188 (i.e., lack VEGF120 not address vessel patterning in the absence of a nerve
template, as is the case in the yolk sac and in tumors.and VEGF164) display impaired arterial development but
normal venule formation (Stalmans et al., 2002). In these cases, it is likely that arteriogenesis and vessel
patterning (including capillary formation) is directed byCentral Role of VEGF in Vascular
and Neuronal Patterning localized VEGF expression by other specialized cells
and that the phenomenon of paracrine regulation of ves-Because VEGF is upstream of the Notch pathway in the
determination of arterial fate and because the Notch sel formation represented by nerve-directed vessel
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Moyon, D., Pardanaud, L., Yuan, L., Breant, C., and Eichmann, A.growth may be a universal one. In fact, there are several
(2001). Development 128, 3359–3370.examples of vessel development directed by locally de-
Mukouyama, Y.-S., Shin, D., Britsch, S., Taniguchi, M., and Ander-rived VEGF signals. Vascularization of the retina has
son, D.J. (2002). Cell 109, 693–705.been demonstrated to be driven by VEGF released by
Neufeld, G., Cohen, T., Shraga, N., Lange, T., Kessler, O., and Her-astrocytes in response to “physiologic hypoxia” that
zog, Y. (2002). Trends Cardiovasc. Med. 12, 13–19.
develops as a result of neural retinal differentiation
Ng, Y.-S., Rohan, R., Sunday, M., deMello, D.E., and D’Amore, P.A.(Stone et al., 1995). Similarly, we and others have pro-
(2001). Dev. Dyn. 220, 112–121.
vided evidence that the formation of the pulmonary mi-
Pepicelli, C.V., Lewis, P.M., and McMahon, A.P. (1998). Curr. Biol.
crocirculation is driven by VEGF production by pulmo- 8, 1083–1086.
nary epithelial cells (Ng et al., 2001). However, there Pola, R., Ling, L.E., Silver, M., Corbley, M.J., Kearney, M., Blake
seem certain to be tissue-specific specializations re- Pepinsky, R., Shapiro, R., Taylor, F.R., Baker, D.P., Asahara, T., and
garding vascularization. Whereas Mukouyama et al. Isner, J.M. (2001). Nat. Med. 7, 706–711.
comment that the association between the peripheral Rowitch, D.H., S-Jacques, B., Lee, S.M., Flax, J.D., Snyder, E.Y.,
and McMahon, A.P. (1999). J. Neurosci. 19, 8954–8965.nerves and arteries “did not appear to reflect a direct,
intimate attachment, but rather a looser alignment”; the Shima, D.T., and Mailhos, C. (2000). Curr. Opin. Genet. Dev. 10,
536–542.association between the pulmonary microcirculation
Soker, S., Takashima, S., Miao, H., Neufeld, G., and Klagsbrun, M.and alveolar epithelium is extremely tight and defines
(1998). Cell 92, 735–745.the structural basis of the blood-air barrier. Likely as a
Stalmans, I., Ng, Y.S., Rohan, R., Fruttiger, M., Bouche, A., Yuce,reflection of the critical nature of this physical proximity,
A., Fujisawa, H., Hermans, B., Shani, M., Jansen, S., et al. (2002). J.the VEGF produced by the pulmonary epithelium during
Clin. Invest. 109, 327–336.alveolarization (as well as in the adult lung) is the local-
Stone, J., Itin, A., Alon, T., Pe’er, J., Gnessin, H., Chan-Ling, T., andized VEGF188 isoform (Ng et al., 2001). Such localized
Keshet, E. (1995). J. Neurosci. 15, 4738–4747.
and tissue-specific control of vessel patterning and arte-
Zhong, T.P., Childs, S., Leu, J.P., and Fishman, M.C. (2001). Nature
riogenesis agrees well with the physiological role of the 414, 216–220.
vasculature in supporting specific function of the tissues
(Figure 2).
Finally, to bring this neighborly communication full
cycle, there is increasing evidence that the vasculature
can provide inductive signals to an organ’s parenchyma.
One convincing example of this comes from recent stud-
ies in pancreas. Coculture of the dorsal aorta from E8.5
mouse embryos with endoderm that did not express
pancreas-specific genes led to the induction of both
Pdx1 and insulin expression, whereas endoderm cul-
tured alone did not express these markers (Lammert et
al., 2001). Thus, not only is there evidence for organo-
typic induction of the vasculature but it also appears the
vasculature has a reciprocal effect on organogenesis.
Summary
Not surprisingly, therefore, the vasculature of tissues
and organs develop by mechanisms that reflect tissue-
specific needs. Further, the formation of the branching
structures of the nervous and arterial systems have
drawn upon similar molecules and control mechanisms.
It seems likely that additional parallels will be uncovered
between these two systems and that these controls will
be found to be utilized in the formation of other tissue
architecture.
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